Background--We have investigated serum levels of immunoreactive marinobufagenin (MBG) in 16-to 20-week-old spontaneously hypertensive rats (SHRs)-A3 and in the normotensive Wistar-Kyoto (WKY) rat strain in the absence of salt loading, and we have investigated the genetic control of serum MBG.
T
here is ongoing debate about the chemical identity of an endogenous ligand for the evolutionarily conserved cardiotonic steroid (CS; "digitalis") binding site that acts to inhibit the ion transport function of Na + , K + -ATPase and that may also induce cell signaling. 1 An important area where increased knowledge is needed is identification of genes involved in the regulation and biosynthesis of this proposed endocrine material. At present, there is evidence that the CSs that can be detected in mammals by several indirect assays (functional and immunologic) may have an endogenous origin from steroid biosynthesis [2] [3] [4] [5] [6] and may involve modification of the cholesterol side chain by CYP27A1. 7 However, studies to investigate the genetic control of circulating CS have not been reported. Genetic approaches may offer important opportunities to refine understanding of the origin and biosynthesis of CS. They may also explain interindividual variability in measured CS levels. Knowledge of biosynthetic and regulatory genes may also help clarify uncertainty about the chemical identity of CS present in mammalian serum. This field has been shaped by an early report that the mammalian CS was chemically identical to the structurally unusual (highly hydrophilic), plant-derived CS, ouabain. 8 However, numerous independent investigations, including those using the most modern analytical chemistry methods, have shown that ouabain is not present in humans. 4, [9] [10] [11] We and others have developed evidence in support of similarity between CS and the vertebrate steroid, marinobufagenin (MBG). 2, [5] [6] [7] [12] [13] [14] MBG is a CS aglycone synthesized by members of the Bufonidae family of true toads. 15 Studies of cultured adrenocortical cells suggest MBG is also a product of mammalian adrenocortical steroidogenesis. 2, 3, 5, 6, 13 However, definitive chemical and structural identification is incomplete. Use of cultured adrenocortical cells grown in defined media provides an opportunity to investigate endogenous origin. Also, it has provided evidence that material with MBG properties can be detected and is related to cholesterol metabolism in adrenocortical cells. Specifically, we and others have shown that production of immunologically detected MBG is independent of cholesterol side chain cleavage, can be interrupted by blockade of de novo cholesterol synthesis, 2 and appears to involve modification of the cholesterol side chain by a pathway known to be involved in bile acid synthesis. 7 In the present study, we report that immunologically detected MBG differs in abundance in the serum of inbred normotensive Wistar-Kyoto (WKY) and spontaneously hypertensive rats (SHRs). We have used genetic mapping in an SHR9WKY intercross to seek genomic loci that may be linked to such differences. The resulting mapping suggests that a narrowly defined locus on chromosome 6 influences serum MBG levels. We have examined genome sequence across SHR and WKY in this locus to identify genetic variation potentially related to serum MBG levels. We propose that the observations we have reported may be attributable to known functional genetic variation in sterol transport genes in this locus.
Methods Animals
Studies were performed on male rats of the SHR-A3 (SHRSP/ Bbb) and the normotensive WKY/Bbb inbred lines. These lines are maintained as closed colonies in our facility. The genetic integrity of the lines is verified using high-throughput genotyping of genome-wide single-nucleotide polymorphisms. 16 Animals used in these studies were housed in an Association for Assessment and Accreditation of Laboratory Animal Care International-approved animal facility with sentinel monitoring to confirm the absence of transmissible disease in the colony. They were provided a standard rodent chow diet and drinking water ad libitum. For mapping, SHR-A3 males were crossed with WKY females to generate the F1 progeny. F1 animals were brother-sister mated to create an F2 population from which 56 males (to avoid estrus cycle fluctuations in serum steroid hormones present in females) were selected for further study. Blood was collected into serum separator tubes by direct sampling from the abdominal aorta in anesthetized (3% isoflurane in oxygen by inhalation), laparotomized animals. Serum was collected after centrifugation and stored at À80°C.
Blood Pressure
Blood pressure (BP) was obtained from 16 SHR-A3 and 15 WKY animals. BP was measured by radiotelemetry in adult animals from 16 to 18 weeks of age. BP was also measured in the F2 progeny used for serum MBG estimation by the same method. Additional F2 animals were added, subsequently increasing the number of F2 animals from which BP measurements were available to 173. Catheters were implanted under isoflurane anesthesia into the abdominal aorta above the bifurcation and below the renal arteries. Animals were allowed to recover from implantation for at least 7 days before BP measurement began. After recovery, BP was measured for 24 hours. During each 24-hour recording, period pressures were sampled for 30 seconds every 30 minutes using DataQuest ART telemetry software.
Serum MBG Measurement
An ELISA was used for serum MBG measurement. Anti-MBG antibody production and purification was described previously in detail. 17, 18 Briefly, venom was collected from adult Bufo marinus toads, and MBG was purified by thin-layer chromatography and detected by chromatographic mobility and specific color reaction with antimony trichloride. The chemical structure of MBG was confirmed by mass spectrometry analysis. MBG-3-glycoside was synthesized, as described by Koenigs and Knorr, 19 with some modifications. The scheme of MBG-protein preparation used in our study is given in Figure S1 . MBG-3-glycoside bovine serum albumin conjugate was used for rabbit immunization, and MBG-3-glycosideRNAase conjugate was used for coating of the solid phase in ELISA. Immunization protocols, MBG antibody purification procedures, and the results of anti-MBG antibody crossreactivity analysis, as well as the linear range and detection limits, have been previously reported. 20, 21 For MBG measurements, serum samples from 10 SHR-A3, 9 WKY, and 56 F2 animals (aged 16-20 weeks) were prepared using C18 SepPak cartridges. Cartridges were activated with 10 mL of acetonitrile and washed with 10 mL water. Then, 1.0 mL of serum was applied to each cartridge, and the cartridge was rinsed with 7 mL of 25% acetonitrile, followed by extraction with 7 mL of 80% acetonitrile. The resulting extracts were dried under vacuum and stored at À80°C. Before
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immunoassay, extracts were reconstituted in assay buffer and tested for their ability to inhibit the binding of rabbit anti-MBG antibody to solid-phase bound MBG (immobilized conjugate of MBG-3-glycoside to RNAse, 0.2 lg of conjugate in 0.1 mL of bicarbonate-buffered saline per well). We added 20 lL of MBG standards and unknown samples to the coated wells, followed by 80 lL of MBG antibody. After 1 hour of incubation, the wells were washed 3 times with 0.9% NaCl containing 0.05% Tween 20, after which 100 lL of secondary antibody was added (goat anti-rabbit IgG peroxidase). After 1 hour of incubation, the wells were washed 3 times and peroxidase substrate was added (TMB Microwell Peroxidase Substrate System). Optical density was read at 450 nm. The sensitivity of immunoassay was 0.0012 pmol per well. The cross-immunoreactivity of MBG antibody was as follows: MBG, 100%; digitoxin, 3.0%; bufalin, 1.0%; digoxin and cinobufagin, 1.0%; ouabain, 0.1%; and prednisone, spironolactone, proscillaridin A, progesterone, and pregnenolone, all <0.1%.
Genotyping
Single-nucleotide polymorphism genotyping was performed in DNA prepared from liver tissue in multiplex reactions using the Sequenom MassARRAY system. We selected %290 evenly spaced (average, %10Mbase between each marker) singlenucleotide polymorphism mapping markers known to be dimorphic in this cross (see Table S1 for information on marker locations throughout the genome). This resulted in successful automated single-nucleotide polymorphism genotyping calling from 253 of the selected markers. Mass spectrometry analysis of the extension reactions was performed using a Bruker Compact matrix-assisted laser desorption ionization time-of-flight mass spectrometer. The mass spectra were collected, and SpectroCALLER software was used to automatically assign the genotype calls. Genotypes were obtained for sample parental line animals (SHR-A3 and WKY) and for all F2 animals.
Genetic Mapping
Mapping with R/qtl was performed using Haley-Knott regression to test the hypothesis that a single quantitative trait locus (QTL) could be identified that influences serum MBG levels. 22, 23 R/qtl was also used to estimate QTL effect sizes.
The R/qtl version was 1.37-11.
Statistical Analysis
Serum MBG immunoreactive levels were obtained from 10 SHR-A3 and 9 WKY animals. Group results are described by meanAESEM. Group comparisons were performed using Student t tests (2 group) or using ANOVA, followed by post hoc pairwise comparisons using a Scheff e test (multigroup). Statistical analysis was performed using StatPlus:mac, Version 6.
Animal Welfare
All procedures involving the use of animals in this study were prospectively reviewed and approved by the Institutional Animal Care and Use Committee.
Results
Serum MBG levels in SHR-A3 and WKY rats were 0.39AE0.07 and 1.27AE0.40 nmol/L, respectively (Figure 1 ). Mean F2 serum MBG levels were 1.11AE0.13 nmol/L. Systolic BP in SHR-A3 and WKY rats was 198.3AE4.43 and 116.8AE1.51 mm Hg, respectively ( Figure 2 ). Average systolic BP in F2 animals was 144.1AE1.01 mm Hg. QTL mapping was performed to determine whether any genomic loci were linked to serum MBG levels. The resulting map is shown in Figure 3 . QTL mapping provided suggestive evidence of a locus linked to serum MBG level that was centered on chromosome 6 (9.1 megabases), with a peak limit of detection score of 2.7 and the closest mapping marker being DSgcf11040 (Table S1 ). We investigated the effect of inheritance of SHR-A3 alleles at this chromosome 6 QTL on estimated serum MBG levels using R/qtl. Figure 4 shows that homozygosity or heterozygosity for SHR-A3 alleles (AA and AW in Figure 4 ) at this chromosome 6 QTL was associated with much lower levels of serum MBG than homozygosity for WKY alleles (WW in Figure 4 ). This suggests a dominant effect of inheritance of chromosome 6 genetic variation arising from SHR at this locus to decrease serum MBG.
To determine whether genetic effects on serum MBG levels might be related to BP, we examined BPs in F2 animals in relation to the inheritance of SHR-A3 (A) or WKY (W) alleles at the chromosome 6 MBG QTL. In F2 animals whose genotypes at chromosome 6 (9.0 megabases) were SHR-A3 homozygous (AA), SHR-A3 heterozygous (WA), or WKY homozygous (WW), systolic BP levels were as follows: AA, 149.3AE2.80 mm Hg; AW, 143.3AE1.25 mm Hg; and WW, 140.4AE1.77 mm Hg (ANOVA F=4.9107; P=0.0085; Fcrit=3.0533; Scheff e test P values for WW versus AA, P=0.011, WW versus WA, P=0.521, and WA versus AA, P=0.066.) Thus, BP effects may also be associated with genetic variation at this QTL. However, the direction of these effects does not provide a link between increased serum MBG and BP elevation in the SHR model.
We have used next-generation whole genome sequencing to identify rat genes lying in the QTL between markers at chromosome 6 (879 568 to 24 378 026) that contain amino acid substitutions in WKY or SHR-A3, compared with the rat reference genome sequence (Rn5). We found only 8 genes with coding sequence variation. These genes are identified in Table. The known functions of these genes have been considered for their potential role in modulating serum MBG levels and are considered in the Discussion.
Discussion
There is extensive evidence implicating CS in the pathogenesis of various models of salt-dependent hypertension and in the potential end-organ sequelae associated with such elevation of BP. [24] [25] [26] [27] [28] [29] We initiated these studies to determine whether CS might be relevant to BP levels in the widely used SHR model of hypertension. Although the SHR-A3 line does show additional elevation of BP after salt loading, severe hypertension is present in SHR in the absence of salt loading. 30 Given the association between salt-sensitive BP elevation and CS levels, it may not be surprising that the SHR model does not reveal increased endogenous CS. However, it was unexpected to find significantly lower levels of CS in SHR-A3 compared with WKY rats. This suggested an opportunity to use genetic approaches to determine whether this difference in serum MBG might be determined by genetic differences between SHR and WKY rats. An opportunity resulting from this line of investigation is to identify genetic variation affecting the biosynthesis or control of CS, with the potential to yield useful insight into important aspects of CS biochemistry and endocrinology. We have previously developed evidence concerning the nature, cellular origin, and biosynthesis of mammalian material with properties similar to CSs. We have shown that the adrenocortical cell line Y-1, grown in a defined, serumfree medium, releases into the medium a material with chromatographic and mass spectrometric properties similar to the known vertebrate CS, MBG. 2, 3 MBG is an aglycone CS identified first as a defensive secretion of the parotid gland of members of the Bufonidae family, the common toads.
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Using Y-1 cell cultures, we have demonstrated that this material arises from the pathway in which cholesterol is biosynthesized. However, it differs from known steroid hormone products of the adrenal cortex in being produced by a pathway that does not involve cholesterol side chain cleavage. 2 Recently, Fedorova and colleagues have shown that the CYP27A1-mediated modification of the cholesterol side chain, a modification that is in the pathway of bile acid formation, may be a step by which cholesterol is converted to MBG. 7 SHR-A3 and WKY rats are inbred strains derived from outbred Wistar rats. It is well known that inbred lines derived from outbred Wistar rats may fix in homozygosity a variant of the Abcg5 gene. This variant has important functional consequences for the handling of cholesterol and dietary phytosterols and results in increased plasma total plant sterol levels. 31 Our genome sequence analysis indicates that this
Abcg5 variant is present in inbred SHR-A3 strain, but absent in our WKY strain (Table) , which is derived from WKY/Izm. 32 WKY/Izm is the only inbred WKY or SHR strain reported to lack this Abcg5 variation. 33 Several facts point to the possibility that this Abcg5 variation is responsible for the difference in serum MBG observed between SHR-A3 and WKY rats. First, the Abcg5 variation maps directly under the chromosome 6 linkage peak we detected. Second, Abcg5 is the only gene in the locus in which variation has been previously linked to steroid hormone metabolism. Third, the only other gene in the locus previously linked to sterol metabolism that contains coding variation is Abcg8, which is known to function as a binding partner of Abcg5, with each protein contributing as a half transporter to the functional sterol transporter. We found that, in the F2 progeny, the effects of the SHR-A3 allele on serum MBG levels act in the direction expected from the MBG level in the parental strains and result in lower serum MBG levels when present in F2 animals.
Functional studies of the effects of the SHR-A3 Abcg5 variant on sterol metabolism indicate several facts that may support a role for this variation in altered MBG levels in SHR-A3. First, the Abcg5 mutation present in SHR-A3 has been associated with reduced adrenal cholesterol content. 34 The same phenotype of reduced adrenal cholesterol content has been observed in a more exaggerated degree with total loss of Abcg5 and Abcg8 function in a double-knockout mouse. 35 Furthermore, humans with homozygous functional deletion of Abcg5 have adrenocortical insufficiency, with reduced cortisol responses to corticotropin stimulation. 36 Furthermore, phytosterolemia results in inhibition of CYP27A1, 37 an enzyme implicated in MBG biosynthesis, whereas salt loading appears to increase CYP27A1 adrenocortical abundance. 7 These findings point to a possible mechanism of reduced MBG production by the adrenal glands in SHR-A3 compared with WKY animals in this study. The abnormal sterol handling induced by the Abcg5 mutation may reduce adrenal cholesterol availability and impede CYP27A1 activity; together, this may constrain biosynthesis of MBG in SHR-A3. Our genetic studies provide a rationale for the direction of future studies into MBG biosynthesis.
We have also found a relationship between inheritance of SHR-A3 alleles at the MBG QTL and systolic BP. The effect size on systolic BP of this locus is moderate, %13 mm Hg. This raises the question of whether this effect is also mediated by genetic variation in Abcg5. Because the standard rodent chow fed to our animals contains principally plantderived nutrients and because the presence of the Abcg5 mutation in SHR-A3 is sufficient to produce phytosterolemia, it is possible that altered sterol metabolism in SHR-A3 compared with WKY may contribute to disturbed BP regulation. Existing evidence suggests that phytosterolemia may affect BP levels. In F2 animals from an SHR9Sprague Dawley cross in which Abcg5 wild-type and mutant alleles segregated, tail cuff measurements of BP indicated slightly, but not significantly, higher levels of BP in the F2 progeny inheriting homozygous mutant Abcg5 alleles compared with those inheriting homozygous wild-type Abcg5 alleles. 38 The magnitude of this difference in 16-week-old animals was similar to that observed between our 16-to 20-week-old SHR-A3 and WKY animals. Effects on BP of dietary phytosterol intake in WKY rats harboring the Abcg5 mutation have also been investigated. Increasing intake by changing food phytosterol content from 0.2 to 2.1 g/kg lowered cholesterol content in tissues and increased BP by %12 mm Hg. 39 Dietary phytosterol supplementation in stroke-prone SHR (SHR-A3) rats also resulted in increased BP and acceleration of stroke. 40 The mechanism of BP changes of phytosterols in the presence of the Abcg5 mutation has not been elucidated, but may be related to effects of phytosterols on red blood cell deformability 41 and platelet function. 42 Phytosterolemia in Abcg5/ Abcg8 knockout mice is associated with platelet abnormalities, including platelet activation and microparticle formation. 43 Phytosterol loading in SHR and the resulting increase in BP are accompanied by altered renal gene expression of several genes implicated in BP. 44 In summary, we have identified a chromosome locus that influences serum MBG levels in SHR and that contains known functional variation in the important sterol transport protein encoded by Abcg5. The metabolic effects of this mutation may include effects to limit the availability of substrate and enzyme activity required for MBG biosynthesis; they also may also increase BP through other mechanisms. This work lends support to the importance of cholesterol as a precursor molecule in MBG synthesis in the adrenal glands and indicates Abcg5 as an important target for future investigation of the control of MBG production.
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